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We have shown that a structure composed of a semiconductor hemicylinder and a dielectric waveguide separated 
by a thin metal layer permits efficient and easy light control. In such a system, it is possible to ensure matching 
between TE and TM modes of a low refractive index waveguide with the corresponding whispering gallery 
modes of the hemicylinder of a higher refractive index, a circumstance that allows one to reduce the resonator 
sizes to the order of the exciting wavelength in the vacuum still having rather high Q-factor ~ 2·104. Due to 
pronounced electro-optical properties of the resonator medium, one is able to effectively control the output light 
intensity by varying the refractive index of the hemicylinder in the order of 10-4. 
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1. Introduction 
Optical whispering gallery mode (WGM) microresonators, representing geometries with spherical and 
cylindrical symmetry, have been widely investigated as powerful tools for a wide range of fields, including cavity 
quantum electrodynamics[1], sensors[2], lasers[3] and photonic filters[4] owing to the combination of quality 
Q-factors as high as tens and hundreds of millions and low modal volumes[5–7]. One of the aspects to achieve 
such high values of the Q-factors is large sizes of resonators, usually exceeding the excitation wavelength in the 
vacuum tens and hundred times. One way to reduce the resonator sizes, while preserving its high-Q 
characteristics, is using high refractive index (RI) materials as a resonator host medium. Analysis of the 
excitation of WGM resonators by the evanescent coupling shows that effective excitation can be achieved when 
the RI of the resonator medium matches to that of the exciting fiber core or prism[8–10], usually made of 
conventional glasses with refractive index ~1.4-1.6[11]. This means that for high RI WGM resonators (e.g. high 
index glass, crystalline or III-V semiconductor resonators), enabling to reduce the resonator sizes while keeping 
high Q-factors and exploiting the advantages of strong electro-optical properties of such materials[7], one can 
either use fiber tapers with the high RI core (close to the RI of the resonator) or develop new approaches to 
ensure efficient excitation[12]. The fabrication of high RI core fibers, on the one hand, is challenging and, on the 
other hand, their use is limited due to the fragility of tapered regions, as well as sensitivity of the coupling 
efficiency from the gap between the tapered fiber and the cavity,  needing for devices to precisely adjust the 
nanometric gap width of the coupling region.  
In fact, from a practical standpoint, on-chip cavities with integrated input/output bus waveguides are used, 
again utilizing the concept of the evanescent coupling, and having an important role in the fast-growing 
integrated photonics. Depending on the resonator-waveguide positions, the lateral (the waveguide and the cavity 
are on the same planes) and vertical (the waveguide and the cavity are on different planes) coupling methods are 
distinguished[13,14]. The nanometer-scale gap of the coupling region in such systems is etched by using 
ultrahigh-resolution lithography. 
The plane-wave excitation of WGMs in a high RI hemicylindrical microresonator  based on a dielectric-metal-
dielectric structure was investigated in the manuscript [15]. The system consisted of a dielectric substrate covered 
by a thin metal layer, onto which was placed a GaAs hemicylinder. The analysis suggested that the Q-factor of 
the GaAs resonator with R = 3 µm reaches up to 2.5∙104. In addition, the energy stored in the half-cylinder 
strongly depends on the change of its RI about the order of 10-4. Although the excitation method of the 
configuration described above is very easy and the Q-factor is reasonably high, the main drawback of the 
configuration is related to the detection of the resonance positions requiring to use of additional devices such as 
a sharp-tipped filament of fiber[16] or to measure the back-radiated energy from the metal layer. This issue can 
be solved by modifying the structure and using the concept of the common waveguide-based excitation allowing 
one to detect the resonances via measuring the transmission directly from the output of the waveguide, at the 
same time keeping the advantages of the excitation technique of the studied configuration. 
In this paper, we suggest a system consisting of a hemicylindrical microcavity - dielectric waveguide coupled 
via a thin metal layer. The resonant positions of such system can be easily defined by measuring the transmitted 
power on the output of the waveguide. Using of a high RI material as the resonator host medium allows one to 
reduce the resonator sizes to the order of the excitation wavelength in the vacuum. At the same time, high RI 
semiconductors are materials characterized by large electro-optical and nonlinear coefficients having an essential 
role in efficient light control. 
2. Results and discussion 
The structure is composed of a waveguide with dielectric core sandwiched by metal layers from the top and 
bottom, moreover, the thickness of the top metal layer is few tens of nanometers. The resonator of the 
hemicylindrical form and with relatively high RI is placed on the top of the waveguide (see Fig. 1). h is the metal 
thickness, d-waveguide width, R-the radius of the hemicylinder and ns-its index of refraction. The red arrow on 
the left side of the waveguide indicates the input power and the blue arrow-output power. 
 
Fig. 1.The schematic of the structure. h is the thickness of the metal between the hemicylinder and waveguide, d is the 
width of the waveguide and R-the hemicylinder radius. The exterior medium of the hemicylinder is air. 
To investigate the resonator, we performed a full-wave numerical analysis based on the finite element method 
using the following parameters for the system geometry: d = 500 nm, h = 50 nm and R = 3 μm for waveguide 
width, the thickness of a metal layer and hemicylinder radius, respectively. Throughout simulations, as the metal 
we used Ag[17], and for the resonator and waveguide materials, InP[18] and SiO2[19] were used, respectively. 
The system is surrounded by air (ne = 1).  
It is noteworthy that due to the small thickness of the metal layer waveguide modes propagate by multiple total 
reflections (nw > ne), thereby the presence of such a thin metal film does not lead to the leakage of the wave 
energy and the wave propagation is accompanied by only relatively small Joule losses. However, the situation is 
different, when the wave passes through the metal-resonator region. Since the condition of the total reflection is 
not satisfied (in this case nw < ns), the wave penetrates into the hemicylinder, where at a resonant wavelength 
WGMs are formed, whereas at nonresonant wavelengths about 20 % of the wave energy is lost while the wave 
propagates by the waveguide (see Fig. 2). Also, worth noting that in this case, the coupling is similar to that of 
an incident plane wave on a metal film to surface plasmon polaritons (SPP) in the Kretschmann 
configuration[20]. Numerous experiments related to the excitation of SPPs show that the thickness of 50 nm of 
a metal layer is optimal for a coupling. 
Normalized transmission (black) and reflection (red) spectra of the waveguide -hemicylinder system for 
fundamental transverse electric (TE) and transverse magnetic (TM) waveguide modes in the spectral range of 
1000-1050 nm are shown in upper and lower plots of Fig. 2(a), respectively. A series of dips in the transmission 
spectrum, as well as peaks in the scattering spectrum, caused by a waveguide mode coupling to the 
microresonator, correspond to the resonances of the hemicylinder. Labels ( ,m ) of both TE and TM modes 
stand for the radial  and azimuthal m mode numbers. The electric field distribution inside the hemicylinder can 
be defined by the following equation[15] 
 ( ) ( ) ( ) ( )s, , A sin expz mE r t J k r m i t  =    (1) 
where A is a constant, ( )smJ k r is the Bessel function of the first kind and m-th order (azimuthal quantum 
number), ks = 2ns /λ0 is the wavenumber, ns is the hemicylinder RI and λ0 is the free-space wavelength of the 
exciting wave.  
 
Fig. 2. (a) Transmission (black) and reflection (red) spectra of the InP hemicylindrical microresonator excited by a TE (upper) 
and TM (lower) waveguide modes. The same for a (b) TE(1,56) and (c) TM(1,55) modes with the corresponding field 
distributions below. The first ( ) and second (m) numbers in mode notation correspond to the radial and azimuthal quantum 
numbers of a WGM. Arrows in (b) and (c) show the FWHM  of the resonant transmission curves. Note that the vertical 
axis of the (b) is broken to scale the reflection spectrum. 
The radial quantum number  indicates the quantity of extrema of the Bessel function ( )smJ k r  on the length R 
along the radial r direction. Note that the expression similar to (1) can be written for magnetic field distribution 
inside the resonator. 
One considers the hemicylinder and the metal layer on its polished surface as a Fabry -Perot-like (FP) cavity, 
where the metal layer represents both mirrors and the wave propagates by a curved boundary. At the resonant, a 
part of energy in a waveguide penetrates to the resonator through a thin metal layer. The WGMs then are formed 
by multiple total internal reflections from the resonator-air boundary and reflections from the metal layer. Once 
a resonant WGM is established, the resonator losses are mainly conditioned by Ohmic losses in the metal (Ag) 
layer and the back transmitted energy from the resonator to the waveguide. It is important to note that at the 
resonant regime losses from the hemicylinder curved boundary are quite small and can be neglected.  
In Fig. 2(a) we indicated three types of TE and TM WGMs with 1,2= and 3 radial orders. Hereinafter, a 
fundamental WGM is called the one with radial number =1, corresponding to the modes with smallest mode 
volumes. Transmission and reflection spectra of particular TE(1,56) and TM(1,55) fundamental modes with 
respective field distributions are presented in Fig. 2 (b) and (c), respectively. The full width of the half-maximum 
(FWHM) of TE(1,56) mode  ≈ 0.0467 nm, while that of TM(1,54) mode is about 2 times larger and equals  
 ≈ 0.109 nm. Q-factors of the resonator are evaluated by the general expression Q ≈ 0  /  , where 0 is the 
resonant wavelength and  is the FWHM of the transmission curve. Thus, the calculated total Q-factors of 
TE(1,56) and TM(1,54) fundamental modes are ~2.14∙104 and ~9.27∙103, respectively. Free spectral range of the 
resonator, representing the spectral width between two modes with m and m+1 azimuthal and the same radial  
numbers - FSR , , 1m m   + = − , is about ~14 nm for TE modes and ~15 nm for TM modes. Analyzing Fig. 2(a) one 
finds out that the resonant processes are accompanied by significant losses. Practically for all modes the sum of 
the transmission and reflection noticeably smaller than the unit. Since the Q-factor of the resonator is relatively 
high, one supposes that energy losses take place outside of the hemicylinder. As already noted, due to violation 
of the total reflection condition in the region "under hemicylinder" of the waveguide channel energy leakage 
occurs. At the nonresonant regime, overall leakage is about ~ 20% (see Fig. 2a). A similar leak also occurs in 
the case of a resonant propagation regime, since both the incoming wave and the waves emanating from the 
resonator partially pass through the indicated leakage region. Analysis reveals that losses in the hemicylinder 
from the metal layer (energy leakage to the waveguide) can be reduced by increasing the metal thickness. 
However, this will yield to decrease of the depth of resonant dips in the transmission spectrum. 
In addition to above mentioned modes with the smallest mode volume, other resonant TE modes exist with 
relatively high-Q-factors and larger mode volumes (i.e. larger radial numbers) (see Fig. 3(a) and 3(b)). For 
instance, the Q-factors of the TE(2,48) and TE(3,45) modes are about  ~22087 and ~17234, respectively, whereas 
for the TM(2,46) mode Q ~ 4628.  
 
Fig. 3. (a)-(b) Electric field distribution of the TE(2,48) and TE(3,45) resonant modes. (c) Magnetic field distribution of the 
TM(2,46) mode. The zoomed frame shows SPPs at the metal-hemicylinder boundary. All modes are presented with 
corresponding Q-factors and resonant wavelengths. The resonator medium is InP. 
Calculations reveal that the Q-factors of the TM modes are rather lower than that of TE modes. The reason for 
such difference can be understood from Fig. 3(c), showing the presence of the SPPs on the metal-hemicylinder 
boundary, which reasonably increases the energy losses and thus reduces the Q-factors of TM modes. 
From the standpoint of the technical implementation, a resonator shall retain its common characteristics (for 
instance relatively high Q-factor) even for lower structural symmetry. This problem has been studied by 
modifying the symmetry of the transverse cross-section by using a hemiellipse instead of a hemicylindrical 
resonator. Figure 4(a) depicts the transmission (black) and reflection (red) spectra of hemielliptical resonator 
with semi-minor axis b = 2.5 µm and semi-major axis a = R = 3 µm, schematically displayed in the top of Fig. 
4(b). 
 Fig.  4. (a) Transmission (black) and reflection (red) spectra of the hemielliptical microresonator. (b) The schematic of the 
configuration and Ez field distribution of the TE(1,51) and TE(3,41) modes with corresponding Q-factors. The major axis a 
of the is equal to R=3 μm, while the minor one b = 2500 nm. InP is used as a resonator medium. 
In such a structure the Q-factor of the resonator is comparative with that of the hemicylindrical, however, the 
number of resonant modes, as well as the azimuthal order of modes decrease. The preceding features are due to 
a partial violation of the symmetry of the structure. Besides in the present case, the effective optical path of the 
cavity decreases (b < a = R). Two resonant modes of the hemielliptical system are shown in the bottom of Fig. 
4(b) with the following characteristics: TE(1,51) at 1012.16 nm with Q ~ 18184 and TE(3, 41) at 1020.24 nm 
with Q ~ 23713. 
To show the prospects of using such a structure as a modulator, in Fig. 5 we display the dependence of the 
transmission at the output of the waveguide on the resonator RI change for modes TE(1,56), TE(2,50) and 
TM(1,55) at resonant wavelengths 1009.31nm, 1017.43 nm and 1010.42 nm, respectively. Note that RI of the 
InP is around 3.31 near the wavelength 1010 nm. 
 
Fig. 5. Dependence of the transmitted intensity at the output of the waveguide on the refractive index change of the 
hemicylinder for resonant modes TE(1,56) at 1009.31nm, TE(2,50) at 1017.43 nm and TM(1,55) at 1010.42 nm. 
Although there are certain analogies between the studied configuration and the FP resonator, in terms of the 
transmission of the wave the results are totally different. Here, the deviating from the resonant wavelength results 
in a sharp increase in the transmission (see Fig. 2 and Fig. 4). As a consequence, the transmission increases also 
upon shifting from the resonance through varying the RI of the hemicylinder (Fig. 5).  The fact is that similarly 
to the FP resonator, here the hemicylinder is not excited at non-resonant wavelengths and the metal layer has a 
role of a fairly good mirror such that the wave passes through the structure with relatively small losses. However, 
at resonant along with the waveguide channel, the "resonator channel" (i.e. the inner curved boundary of InP-
Air) also appears. In this case, the interference between the waves of two connected channels drastically 
decreases the transmission.  
Hence, the intensity of the transmitted light can be controlled by varying the RI of the resonator by the order 
of 10-4, which can be easily achieved by the large variety of the materials with noticeable electro-optical 
properties, such as III-VI semiconductors. 
The issue of fabrication of the structure under study is also important. The fabrication process of such a 
structure, in our view, can be divided into two parts. First, to create a waveguide structure,  metal and dielectric 
layers should be applied to the semiconductor layer. Then, to strengthen the structure, it is necessary to apply a 
sufficiently thick layer of the substrate. At the second stage, only after the thickness of the semiconductor layer 
is reduced to the required size,  a hemicylinder can be created. The fabrication process is similar to the well-
introduced technique of the fabrication of semiconductor lenses [21–23]. 
3. Conclusion 
Thus, mode-matching of the whispering gallery modes in the hemicylindrical high refractive index microcavity 
and low refractive index dielectric waveguide TE and TM modes, realized by a thin metal layer between the 
components, ensures efficient control of the transmitted output light. Such a process is based on interference of 
the light propagating by two connected paths, into one of which the light energy is increased resonantly. Using 
a high refractive index material  ̶ InP as the resonator host medium one is able to reduce the resonator sizes to the 
order of the excitation wavelength in the vacuum, however with still high Q-factor ~ 2.1∙104. Such 
semiconductors are featured by large values of electro-optical and nonlinear coefficients thus supporting efficient 
and easy control of the transmitted light even by varying the refractive index of the hemicylinder in the order of 
10-4.   
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